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Abstract 
This project will look at the application and development of radiation-grafted ion-
exchange membranes in a microbial fuel cells. An aim is to develop low resistance ion-
exchange membranes (IEMs) that do not have increased O2 crossover. 
 
It has previously been found that the use of anion exchange membranes (AEMs) may 
improve the performance of microbial fuel cells. The literature suggests that the use of 
AEMs over cation-exchange membranes (CEMs) might give a more favourable power 
output. However, the radiation grafted (RG) AEMs tested in this study displayed a 
poorer performance both in situ and ex situ than the industry standard CEM (Nafion
® 
115). Lower MFC power density (ca. 8 mW m
-2
 for the RG-AEM compared to ca 10 
mW m
-2
 for Nafion
®
 115) and lower conductivity (0.007 S cm
-2
 compared to 0.032 S 
cm
-2
) were both observed. An RG-CEM with the same base polymer as a previously 
tested RG-AEM was also produced. Comparisons between the MFC performance of the 
RG-CEM and Nafion
®
 were more favourable, showing higher voltage output and lower 
O2 permeability.  
 
The results of an oxygen permeability test suggest that both the RG-AEMs and RG-
CEMs exhibit a lower oxygen crossover, which is preferable when looking at MFC 
applications. However, the RG-AEM conductivities were lower than the RG-CEM and 
Nafion
®
. Despite this, the conductivities of the RG-AEMs were less affected when in 
contact with solutions containing buffer and bacteria. 
 
A recommendation for future work is to explore more widely the use of RG-CEM in 
MFCs. 
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1. Introduction 
 
As more and more countries enter the developed world, the demand for energy 
continues to increase. Everyday life is becoming more energy intensive, and the need 
for a sustainable source of energy to power factories, offices and homes becomes more 
pressing. Mobile phones, tablets and laptops increase the need for flexible, portable 
power sources. Countries that used to contribute fuel to the global economy are now 
becoming the biggest consumers. China is the world’s second largest oil consumer 
behind the USA and became the world’s largest global energy consumer in 2010. The 
country was a net oil exporter until the early 1990s and became the world’s second 
largest importer of crude oil and petroleum products in 2009 [1].  
 
At the time of writing, most of the world’s energy comes from sources such as coal, oil 
and gas, which are all fossil fuels and are therefore a finite resource. Not only are these 
sources unsustainable but their use produces CO2, N2O and SOx emissions that lead to 
serious global environmental problems [2]. Other pollutants emitted by power 
production include SF6, hydrofluorocarbons and perfluorocarbons. It has been estimated 
that between 1970 and 2004, emissions of these pollutant gases above has risen by 75% 
[3]. Electric utilities and pollution are regulated by world governments, which take into 
account overall pollution prevention targets (such as those set in place by the Kyoto 
Protocol agreement) [4]. However, these often fail to take account of the true costs of 
adverse health impacts and environmental damage these pollutants can cause [5]. To 
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reduce the amount of ecological damage, and satisfy the world's ever increasing demand 
for energy, at least 10 terawatts of carbon-free power needs to be produced by mid-
century [6].  
 
As well as the use of fossil fuels, current wastewater treatments also cause several 
environmental concerns. Some produce considerable amounts of N2O and volatile 
substances, and excess sludge produced by anaerobic digesters needs further disposal 
[7]. Microbial fuel cells (MFCs) on the other hand have the potential to produce a good 
effluent quality with no energy consumption. They can work well at ambient 
temperatures so consume less energy for temperature maintenance than anaerobic 
digesters.  
 
Microbial fuel cells provide a novel renewable energy source whilst also doubling as a 
method of wastewater treatment. They can also be functionalised further for additional 
value-added functions such as desalination (microbial desalination cells), acid 
production and azo dye removal [8,9]. Essentially any reduction-based reaction can be 
accomplished on the cathode side of the MFC, creating numerous possibilities [10]. 
They can provide a source of power in areas where other sources of power generation 
may be scarce, for example powering remote sensors [11,12].  
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1.1 Microbial Fuel Cell (MFC) Concept 
 
Microbial fuel cells are just one of many different types of fuel cell studied today. A 
fuel cell is a device that converts the chemical energy from a fuel into electricity 
through a chemical reaction. They differ from batteries as they require a constant fuel 
source. Fuel cells can produce electricity continuously, as long as a fuel source is 
maintained.  
 
There are many types of fuel cells, but they all consist of an anode, a cathode, and an 
electrolyte that allows charged ions to migrate between the two chambers of the fuel cell. 
The anode and cathode contain catalysts that cause the fuel to undergo oxidation 
reactions that generate positively charged hydrogen ions and electrons. In the case of a 
microbial fuel cell, it is the bacterial metabolism that produces these electrons. 
 
The study of microbial fuel cells has been undertaken for centuries, with the first 
discovery of bacteria being capable of producing an electrical current established in 
1911 by M. Potter [13]. He deduced that the consumption of food by the bacteria 
Escherichia coli was generating electrons with the use of a platinum electrode. In the 
1970s there was resurgence in interest in the area, when the design for a functioning 
MFC was put forward by Suzuki [14]. Recent developments include the discovery in 
1999 by Kim et al that mediator compounds were not required for electron transfer, and 
that mediatorless cells were a practical alternative.  
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A single-chambered MFC setup typically requires the use of an ion exchange membrane 
adjacent to an air-breathing cathode, with an anodic chamber containing a suspended 
carbon electrode. The membranes used are typically proton exchange membranes 
(PEM) (Figure 1.1). 
 
Figure 1.1 - Diagram of a single-chambered air breathing MFC containing a proton 
exchange membrane separator 
 
In an MFC, bacteria and archaea (provided by some form of inoculum) metabolise 
organic substrates (“fuels”) dissolved in the anolyte at the anode, in most cases provided 
by a form of waste water such as brewery waste feeds, farm waste and sewage treatment 
streams.  This metabolism releases electrons to the anode electrode and protons into the 
water. The electrons, released from the oxidation of the substrates by both suspended 
and anode biofilm bacteria, are transferred to the anode then flow to a cathode through 
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an external resistance. In an MFC setup, microorganisms use an insoluble electron 
acceptor (the MFC anode) instead of their natural electron acceptor, such as oxygen or 
nitrate. There are several methods via which bacteria transfer electrons, including 
mediated and direct transfer, which will be discussed later. At the cathode, the electrons 
combine with oxygen provided from air and with protons diffusing from the anode 
compartment through the PEM to form water (Figure 1.2). 
 
Figure 1.2 – Schematic of a 2-chamber MFC showing the electron transfer (mediated or 
direct) to the anode [15] 
 
Figure 1.3 shows the reactions involved in an MFC that metabolises acetate. The anode 
reaction shows the metabolism of the acetate substrate within the bacteria, producing 
electrons which can be either accepted by atmospheric oxygen or, preferably for MFCs, 
the anode in the MFC. The cathode (1) reaction shows the preferred reaction mechanism 
at the cathode, with the formation of water. Cathode (2) shows another possible 
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consumption of the electrons at the cathode, which is the formation of hydrogen 
peroxide; this latter reaction may not be desirable as H2O2 is a known biocide which 
may interfere with the development of the anodic community. H2O2 reacts with by-
products of bacterial respiration to produce compounds toxic to the microorganisms 
[16,17]. 
 
 
Figure 1.3 – Equations representing the electron movement within an MFC 
 
Another advantage of MFCs is that there are potentially no net carbon emissions, as the 
carbon dioxide in the biomass originally comes from the atmosphere during 
photosynthesis [18]. On top of the extra functionality (e.g. desalination) that can be 
gained from MFCs, they can operate with a wide variety of substrates in ambient 
temperatures and at near neutral pH values. They can operate under many conditions, 
provided the environment meets the growth needs of the microbial species involved ie 
ambient temperature [19,20]. 
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1.2 Microbial Fuel Cell Design 
 
There are many problems encountered when trying to develop practical MFC 
applications. The initial considerations involve deciding whether to use a membraneless 
system or a system that utilises one of many commercially available membranes as a 
separator. Membraneless cells (e.g. Figure 1.4) have the advantage of needing less setup 
and using less material, however the cells do not tend to be as efficient and produce 
lower power [21]. This is mainly because the lack of separator leads to enhanced 
oxygen permeation into the anode. Only the very lower layers of a cell will be truly 
anaerobic giving the desired transfer of electrons to the cathode rather than to oxygen 
molecules.  
 
Figure 1.4 Schematic of a membraneless MFC 
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When using a separator membrane, a choice between an open (“air-breathing”) cathode 
(Figure 1.1) or a second chamber has to be made. The setup of a single chamber air-
breathing cell is easier and does not require the use of catholyte compounds such as 
potassium ferricyanide or dissolved O2 in the cathode chamber. Oxidants such as 
ferricyanide are not reusable so the consumption of them must be taken into account 
[22], while they also increase the chemical components of the MFC setup. Other 
possible catholytes such as sodium chloride vs phosphate buffer have been tested, with 
the maximum power density of a NaCl MFC was 17% lower than that of the PBS 
solution MFC [23]. Various changes in MFC setup produced different power densities 
and MFC efficiencies; variables include the operational mode, the membrane separator 
used, and the selection of functionalised/unfunctionalised electrode materials. One of 
the biggest challenges is to identify low-cost and highly efficient materials including 
electrodes that provide the large surface areas needed for bacteria adhesion, that allow 
for practical scale up [24].  Power densities for MFCs reported in the literature range 
from 16 to 3320 W m
-3
 (normalised to anodic chamber volume), or up to 1120 mW m
-2
 
(normalised to anode surface area) [25]. Multiple smaller MFCs have been used and 
show promise as a source of scalable power, with a total number of 130 MFCs being 
needed to power a pump requiring 4 W power, which can treat up to 144 l of domestic 
wastewater per day [26]. 
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1.2.1 Batch Mode vs. Continuous Mode Operation 
 
Apart from the power densities achievable with the various anode/cathode/membrane 
configurations, it is also important to consider what affect different operation modes 
have on the production of sustainable power output. An important issue to be addressed 
is the replacement of anolyte and salt (buffer) solution. There are two ways of replacing 
the solutions contained within the cell, which define the two main common operation 
modes. Batch mode involves an anolyte that is introduced to the prior inoculated anode 
chamber, which is (usually) replaced when the cell or anode voltage drops below a 
certain level [27]. The cell may be agitated to prevent the anolyte components from 
settling at the bottom of the anode chamber. Continuous mode involves the use of a 
peristaltic pump (or gravity) which constantly circulates the anolyte from a feed bottle 
and through the anode chamber. There may be problems encountered on the scale up of 
this mode, as peristaltic pumps may cause damage to tubing components. It may be 
impractical to replace these on a regular basis; therefore other pumping systems may be 
required. Higher power densities are generally achieved from continuous mode 
operation, probably because the bacteria do not have a chance to settle at the bottom of 
the cell if the flow is constantly moving. The concentrations of substrates can also be 
maintained at a near constant level. In batch mode, the media will be depleted to low 
levels until its replacement (to introduce a refreshed concentration of substrate). The 
constant flow with the use of continuous operation also allows the bacterial growth to 
be uninterrupted by sharp changes in substrate concentration, which may allow for the 
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composition of the microbial community to remain more consistent and more easily 
controlled. 
 
1.2.2 Electrode Materials 
 
Several different electrode materials have been explored for use in MFCs. For the most 
part, carbon papers, fibres, and cloths have been used for the anode material, with Pt-
loaded carbon being the most commonly encountered cathode material. Chemical 
modification can be applied to these materials, however, with the aim of producing 
greater power outputs for MFCs. The chemical modification method is apparently 
effective for immobilizing metal species, metal oxides, or other active compounds on 
the base materials (such as carbon materials or electrically conductive polymers such as 
polypyrrole) to enhance the output power of MFCs [28]. Some anode modification 
methods include chemical vapour deposition, carburization or sintering. Mn
4+
 ions have 
been incorporated into the anode, and the power density was able to reach 788 mW m
-2
 
(normalised to anode area). Kim et. al. [29] coated the anode with ferric oxide and 
observed that the power density increased noticeably from 8 to 30 mW m
-2
 because of 
the enrichment of metal-reducing bacteria on the anode. Lowy et. al. [30] studied the 
performance of MFCs using several kinds of modified anodes. They observed that 
modifications (graphite/ceramic-Mn
2+
-Ni
2+
, graphite) led to a great improvement in the 
power output (4-5 times that of the unmodified one).  
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The cost of electrode materials is another key factor that need to be considered when 
discussing the practical applications of MFCs. To become a practical energy proposition, 
the cost of the electrodes and materials needs to be lowered enough to allow recovery of 
the capital costs within the first few years. Electrodes need to have a high surface area 
to both maximise power densities, and adhesion and interaction of microorganisms with 
the wastewater [31]. Though relatively high output power can be produced using high 
specification carbon cloth and carbon paper, the prices are still fairly expensive 
considering the large areas required. Zhang et. al. produced a packed-bed air cathode 
using inexpensive carbon-based materials, without expensive binders or diffusion layers 
[32]. There may also be ways of using more recent carbon innovations such as 
nanotubes and graphene find a solution to this problem. Xie et. al. have demonstrated a 
way of bringing down the cost of an anode electrode, by using a graphene-sponge 
composite and a stainless steel current collector [33]. They created a 3D anode based on 
textiles and sponge coated with grapheme, which produced comparable results to that of 
commonly used carbon cloth or graphite rod. Other electrode modifications that have 
been explored include a carbon nanotube/Pt electrode producing power densities of 
around 447.9 mW m
-2
 [34]. 
 
One of the most commonly used oxygen reduction catalysts in MFCs is platinum. Using 
a Pt catalyst on the cathode, however, significantly increases the cost of MFCs.  The 
option of replacing the Pt with lead dioxide has been explored [35] with the PbO2 
cathodes producing between 2 and 4x more power than the Pt cathodes (78 mW m
-2
), 
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and that increased power to cost ratio. This suggests that replacing Pt as the catalyst on 
the cathode is worth exploring, although the use of Pb could also present certain toxicity 
problems, which would be an undesirable risk in a water treatment setup [36]. Other 
options for platinum replacements include the use of biocatalysts such as enzymes as a 
catalyst [37], although the conditions in the cathode chamber have to be carefully 
managed so to maintain optimum enzyme efficiency. Xia et. al. examined the ability of 
biocathodes to function with passive oxygen transfer (which would avoid the need for 
aeration of the cathodic chamber) [38]. Two-chamber, air cathode MFCs with 
biocathodes produced a maximum power density of 554 mW m
-2
, which was 
comparable to that produced by the Pt cathode MFC (576 mW m
_2
). The experimental 
evidence demonstrates the availability and potential of alternatives to platinum. Another 
consideration is optimizing the amount of Pt catalyst used on the cathode. It has been 
shown (using a theoretical model) that too high or low a concentration of catalysts 
results in loss of MFC performance [39]. Maximum power density of around 61 mW m
-
2 
was achieved when weight ratio of catalyst to conducting species was 1:1. A final 
consideration when altering electrode materials is how stable they remain under various 
operating conditions. Park et. al. have also created a more cost effective electrode, 
utilizing an electron beam evaporator to deposit platinum onto carbon paper [40]. This 
ensures minimal loading of Pt and therefore keeps costs down. The mass specific 
current density for these e beamed electrodes was 2.5 times higher than those of the 
tested commercial Pt-black electrodes. Long term stability of electrode materials is very 
important issue with potential wastewater treatment technologies [41]. 
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1.3 Ion Exchange Membranes 
 
Another factor affecting MFCs is the choice of membrane used in the cell setup. If a 
two-chambered system is preferred, the use of an ion exchange membrane is necessary. 
A membrane can also be used with a single chamber air-breathing system. The most 
commonly used membrane is the proton/cation-exchange membrane (PEM/CEM) 
Nafion
®
 [42]. It is a widely (commercially) available option and comes in various types 
with varying thicknesses and concentrations of conducting head groups (equivalent 
weights). These varieties alter the ion-exchange capacity (IEC) and internal resistances. 
The structure of Nafion
®
 is shown in Figure 1.5. The perﬂuorosulfonic acid structure of 
Naﬁon® balances the properties of the structurally strong/hydrophobic 
tetraﬂuoroethylene back-bone with the hydrophilic sulfonic acid groups (–SO−3 H+) 
promoting water uptake to the membrane [43,44]. The water held within the membrane 
structure encourages the dissociation of mobile protons from the sulfonic acid groups 
promoting proton conductivity.  
 
One of the major downsides of the use of Nafion
®
 in microbial electrochemical systems 
is the high sodium content of media used in most MFCs. According to the manufacturer 
(DuPont) alkali metal ions, Na
+
 in particular, can directly affect the performance 
(increase resistance) of Nafion
®
 under normal conditions of temperature and pressure. It 
also restricts the expansion of the membrane compared to the water-expanded form 
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[45]. It also suffers from biofouling by ammonium which may reduce its efficacy in an 
MFC setup. 
 
 
Figure 1.5 – Structure of Nafion® 
 
In PEMs, the conductivity of H
+
 is much greater than Na
+
 conductivity in CEMs due to 
the use of the Grotthuss mechanism. This involves the diffusion of a proton through the 
membrane via hydrogen bonding to water contained within the hydrated membrane. 
Protons “hop” from one molecule to another, as shown in Figure 1.6, with each oxygen 
atom simultaneously losing and gaining an H
+
 ion via the breaking of covalent bonds of 
neighbouring molecules [46]. 
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Figure 1.6 – Diagram of protons moving via the Grotthuss mechanism 
 
The use of cation exchange membranes other than Nafion
®
 has been reported in the 
literature. They display less crossover of unwanted anions that can pollute the cathode 
and reduce the efficiency of the cell. Other types of membranes have also been 
investigated, for example ultrafiltration, size selective and pore-filled polyelectrolyte 
membranes. Novel pore-filled polyelectrolyte membrane was produced using track 
etched polycarbonate as porous substrate and poly(vinyl alcohol) (PVA) as pore filling 
material [47]. PVA in polycarbonate pores was stabilized through the cross-linking of 
the PVA matrix with glutaraldehyde (GA). The membranes cross-liked with GA for 72 
h showed a peak power density of 110 mW cm
-2
. 
 
1.3.1 Anion Exchange Membranes (AEM) 
 
When considering which membrane type to use, it is necessary to compare the use of 
AEMs with CEMs and PEMs such as Nafion
®
. Several advantages of AEMs over 
CEMs have been summarised by Ji et. al. [48]. These include lower ion transport 
resistance, reduced membrane fouling and increased cathode performance by reducing 
the precipitation of transported cations. AEM use also leads to the reduction in pH 
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change across the chambers, or “pH splitting”. pH-splitting results in an undesirable 
lowering of the anode chamber pH and a raising of pH at the cathode (that is commonly 
encountered with CEM-based systems). A decrease in anode chamber pH can lead to 
conditions where growth of the required bacteria can no longer be supported. 
 
During one study, the performance of an AEM (AMI-7001) and a CEM (CMI-7000), 
both from Membrane International Inc., were compared. The power generated using an 
AEM (610 mW m
-2
) was slightly larger than obtained using a CEM (480 mW m
-2
) or 
Nafion
®
 (514 mW m
-2
) [49]. The increased power density was a result of the enhanced 
activity of microorganisms in the anode chamber, with the pH decreasing more slowly. 
These findings are supported by other reports showing that power generation was 
greater and more stable when using an AEM (Tianwei, Shandong, China) [50]. Because 
of its capacity for inhibiting cations, MFCs running containing an AEM possessed more 
stable membrane and cathode resistances compared to when CEMs were used, thus an 
enhanced power generation was obtained. Another study compared the performance of 
RALEX™ AEM-PES, an AEM, vs Nafion®117. The AEM performed better in terms 
of power density [51]. Both AEMs and CEMs have been used in microbial 
electrochemical cells tested for nitrogen recovery, and were both effective although the 
CEM-MXC did show superior ammonium recovery of 61% [52]. 
 
However, problems have occurred when gases and water have become trapped between 
the membrane and the cathode, leading to inferior performance of the cell [53]. This can 
17 
 
be mitigated by either the use of a plastic or stainless steel support mesh, or by the 
pressing of the membrane to the carbon cloth cathode. Another example of the use of a 
supporting mesh resulted in a power density of 46 W m
-3
 when using an AEM and 32 W 
m
-3
 when using a CEM. The differences in power generation were attributed to salt 
precipitation on the cathode and higher pH gradients across the membrane [54]. 
 
The pressing of the membranes is a feasible solution with the use of Nafion
®
, however 
several of the anion exchange membranes tested display low stability at the 
temperatures required (120
o
C) to press the membrane to the cathode firmly [55]. If a 
lower temperature is used the membrane and electrode separate when the membrane is 
rehydrated. Another possible solution to this problem is to paint the cathode directly on 
to the membrane. Logan et. al. successfully produced a power density of 449 mW m
-2
 
when using a graphite fiber brush anode combined with an AEM painted with a 
conductive coating (catalyst loading weight 0.5 mg cm
-2
) [56]. 
 
1.3.2 Radiation-Grafted Membranes 
 
The method used to create the ion-exchange membranes tested in this work is radiation 
grafting. The process of radiation grafting offers a wide range of benefits. The use of 
pre-formed polymer films eliminates the need for a film formation step. The range of 
polymers that can be used as the precursor films is wide, as is the range of grafting 
monomers available. The tailoring of both the polymer and the monomer allows for the 
18 
 
levels of crosslinking and functionalisation to be carefully controlled [57].  The process 
also offers enormous possibilities for design of the membrane by variation of the 
irradiation level and grafting conditions. Thickness and porosity of the membranes can 
be more easily regulated than with systems requiring film formation, as well as 
mechanical and chemical properties [58]. Low cost base polymers and grafting 
monomers can be selected, resulting in the formation of a competitively priced end 
product. 
 
The process of creating an RG membrane involves exposing a pre-formed polymer base 
film to either gamma or electron beam radiation. Radical species are then formed 
following the breaking of some of the bonds within the film backbone. A monomer 
species inclined towards radical polymerisation is then introduced to the membrane to 
form a graft copolymer. 
 
There are two main types of grafting technique used in the production of RG 
membranes. The first is simultaneous grafting. This is done by irradiating the backbone 
of the base polymer and the monomer solution at the same time. This first method 
removes the need for storage of the membranes in their radical form, which might risk 
decay, but it increases the chance of formation of homopolymer from the monomer 
solution, e.g. poly(vinylbenzyl chloride) [59]. The second type of grafting technique, 
which is used in this study, is two stage grafting. The backbone is irradiated as a first 
step then stored until required for the grafting step. This decreases the chance of 
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formation of the homopolymer but requires the storage of membranes at low 
temperatures to keep them stable.  
 
The specific radiation method used in this study involved the electron beaming (in air) 
of the precursor films ethylene tetrafluoroethylene (ETFE) or polyvinylidene fluoride 
(PVDF). This results in the homolytic fission of the C-H bond, in preference to the C-C 
and C-F bonds. This is then followed by the formation of a peroxide group on the pre-
cursor membrane backbone. Once this step was completed, the membranes were heated 
in the vinyl monomer grafting solution (the grafting step). This causes the peroxide 
group to split, leaving an oxygen radical site (Figure 1.7). These sites then act as 
initiation points for the radical chain polymerisation of the vinyl groups on the organic 
monomers being used. The e-beamed base polymer peroxide groups are thermally 
unstable at higher temperatures, but can be stored for up to 6 months in a freezer at -
40
o
C until required for the grafting step. 
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Figure 1.7 – Schematic of e-beaming fission process 
 
There is evidence that radiation-grafted membranes show less gas permeability, 
particularly when compared with Nafion
®
. [60,61] This is important in an MFC setup 
because of the anaerobic bacteria being used. If the membranes in MFCs display oxygen 
permeability that is too high, it will inhibit the transfer of electrons to the anode [62, 63, 
64]. This is because the bacteria species present will switch to aerobic respiration.  
 
1.4 Microbial Species and Communities 
 
There are several ways in which the transfer of electrons from the microorganisms 
respiration process can occur. These are split into two main types – direct and mediated. 
Direct electron transfer (DET) involves the transfer of electrons via nanowires or 
cytochromes (outer membrane proteins), directly to the electrode (Figure 1.8). Direct 
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electron transfer is commonly found within metal-reducing species such as Shewanella 
oneidensis and Rhodoferax ferrireducens [65] as they naturally use metal oxide species 
as their terminal electron acceptor. When these species are not present, they utilize the 
presence of the anode as the electron acceptor. Another version of direct electron 
transfer involves the use of nanowires (pili-like appendages) which form a conductive 
bond between the bacterial surface and the anodic electron acceptor. This also allows 
bacterial cells that are not in direct contact with the anode to use it as the electron 
acceptor.  
 
Mediated electron transfer (MET) involves the use of chemical species (a redox active 
molecule) that can shuttle electrons between the microbial cell and the electrode. These 
can be external (artificially introduced) mediators or mediators produced by the bacteria 
itself (microbial metabolites). External mediators are added to the cell setup to aid in the 
transfer of electrons to the anode. An example of this type is methylene blue [66]. The 
use of artificially added mediators is not preferred, however, as they present certain 
toxicity problems and also have to be replaced over time as they are consumed during 
the process. An example of microbially produced mediators is Desulfovibrio 
desulfuricans, which reduces sulphates to hydrogen sulphide [67]. This can then be 
oxidised at the anode and transfer the electrons used by the bacteria.  
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Figure 1.8 – Direct Electron Transfer (DET) mechanisms [68] 
 
At the start of this work, mixed microbial communities were used as inoculum. These 
were provided by anaerobic sludge from the local wastewater treatment plant in 
Camberley. This was to create a more realistic situation for the MFCs to operate in, as 
this is the type of feed which the MFCs for the target application are designed to run 
with. However, it proved very difficult to create repeatable results as the communities 
tended to develop differently every time an MFC was evaluated despite the best efforts 
to keep all the numerous variables constant. This resulted in an inability to evaluate the 
performance of the different membranes in a meaningful way. With this fact in mind, a 
single species MFCs were used for the remainder of the experiments. The use of single 
species makes for more reproducible experiments and the ability to control bacterial 
load and biofilm growth more easily. It also allows for quantitative assessments such as 
plate counts and cell counts to be made.  
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Several options were considered, including Geobacter sulfurreducens, for which there 
is good evidence of its ability to produce electricity when attached to electrodes 
[69,70,71]. Different strains of Shewanella were also considered, including Shewanella 
putrefaciens which is another proven electrogen that uses direct electron transfer (DET) 
[72].  Previous work has also been carried out using Desulfovibrio desulfuricans, 
however this bacteria produces hydrogen sulphide which is an undesirable by 
product.[73] 
 
The choice of bacteria was made after reviewing the literature and Shewanella 
oneidensis was chosen (Figure 1.9). This is for several reasons, mostly because it is a 
proven electrogen, non-pathogenic, and is a facultative anaerobe [74,75]. A facultative 
anaerobe is an organism that can use oxygen for respiration, but is also capable of 
switching to anaerobic respiration in the absence of oxygen. This meant that preparation 
of the cultures could be done relatively simply on the bench and then the cells could be 
purged with nitrogen after inoculation. The electron transfer mechanism of S. oneidensis 
has been extensively studied, and multiple pathways have been discovered. These 
include direct transfer via physical contact of outer membrane cytochromes, such as the 
bacterial protein OmcA, which has been shown to bind to the surface of hematite 
(Fe2O3) allowing direct electron transfer to the mineral to reduce Fe (III) [76]. It has 
also been shown to produce conductive nanowires in direct response to electron 
acceptor limitation [77,78]. It also undertakes mediated transfer via self-produced 
electron shuttles such as quinones [79,80]. Flavins have also been discovered as transfer 
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mediators [81]. It was shown that removal of riboflavin from biofilms reduced the rate 
of electron transfer to electrodes by >70%, consistent with a role as a soluble redox 
shuttle carrying electrons from the cell surface to external acceptors [82]. 
 
 
 
Figure 1.9 Shewanella oneidensis biofilm showing the nanowire pili [83] 
 
1.5 Analysis Methods 
  
1.5.1 Raman Spectroscopy 
 
Raman spectroscopy is a vibrational spectroscopy technique used to identify the 
chemical bonds in molecules and materials (polymers). Each bond in a molecule has a 
different set of vibrational energy levels, and absorbs or emits electromagnetic radiation 
at specific (quaternized) wavelengths. Vibrational spectroscopy involves collecting and 
examining these wavelengths and using them to identify the functional groups in a 
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sample. Different peaks in a Raman spectrum correspond to different Raman shifts in 
wavelength. Raman spectroscopy occurs as a result of a molecular vibration causing a 
change in polarisability of the molecule. Vibrational modes for the molecule are a 
function of the orientation of its atoms and bonds, the atomic mass of the atoms, bond 
order and strength, among other factors. In contrast to Raman, for a molecule to be 
infrared (IR) active the vibration must cause a change in the permanent dipole 
moment.  If the molecule has no permanent dipole, the stretch would be invisible in an 
IR spectra. Similarly, if a vibrational mode does not result in a change of polarisability, 
then the mode is not Raman active. 
   
The spectrometer used in the work uses a laser to excite the vibrational modes of the 
polymer molecules of the IEM. A filter then collects the Raman scattered light needed 
and removes the Raleigh scattered light. A diffraction grating then bends the Raman 
shifted light according to wavelength, and a detector records the intensity of the peaks 
as a function of wavelength λ (plotted as wavenumber = 1/λ). 
 
1.5.2 Electrical Impedance Spectroscopy (EIS) 
 
Electrical impedance spectroscopy (EIS) is method of measuring the electrical 
impedance of a substance as a function of the frequency of an applied alternating (AC) 
current or voltage. In numerical terms it is the complex ratio of the voltage to the 
current in an alternating current (AC) circuit. The data gained from the impedance 
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analysis is visualised as a nyquist plot (an example is shown in Figure 1.10). A Nyquist 
plot is a parametric plot of a frequency response function of a linear system. It expresses 
the impedance with a real part (plotted on the X-axis) and an imaginary part (plotted on 
the Y-axis). Each point on the complex plane plot represents the impedance at a certain 
frequency. The impedance at the high frequency limit is the ohmic resistance [84]. 
 
It has been widely used in the study of the internal resistances of MFC cells and their 
components. It can be used to assess the performance of the cell as a whole [85], and 
also to measure the ohmic resistances of separators [86] and biofilms in the anodic 
chamber [87]. In this work it will be used to determine the internal resistances of the 
various membranes being tested ex-situ. A mini membrane electrode assembly (MEA) 
was created using small membrane samples sandwiched between carbon cloth discs.  
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Figure 1.10 - Example Nyquist plots for a mini MEA (blue) and a blank cell (electrodes 
but no IEM) gathered for the determination of IEM conductivity  
 
1.6 Aims and Objectives 
 
The basis of this work is to investigate how the performance of MFCs are affected by 
the use of different IEMs in terms of power output and stability. One aim is to develop 
an IEM for use in MFCs with a high ionic conductivity and low oxygen permeability. 
The expectation is to find that the lower the O2 crossover of the membrane, the greater 
the power output of the MFC. 
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Specific objectives for this project: 
 
 Development of an MFC test setup that optimises the power generation and the 
conditions required for the growth of electrogenic microbes; 
 Development of novel thin RG-IEMs that can be used in MFCs; 
 Comparison of the performance of AEMs and CEMs in the small-scale MFC 
setups; 
 Benchmarking the RG-IEMs to commercial IEMs such as Nafion®; 
 Testing of the stability of synthesised and benchmark IEMs in a variety of 
different MFC-relevant conditions, including variable temperatures and pH 
levels.  
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2. General Materials and Methods 
 
2.1 Microorganisms and Culture Media 
 
To prepare the MFC for testing, an inoculum must first be prepared. When the 
anaerobic digester sludge was used, minimal preparation was done to mimic the way it 
would be used in a projected application. A sample of 5 ml of sludge was taken using a 
micropipette, and added to 4 ml of pH 7 phosphate buffer (made using ready-made PBS 
tablets).  Cultures of Shewanella oneidensis were grown either in AB minimal medium 
[D] [(2 g (NH4)2SO4, 6 g Na2HPO4, 3 g KH2PO4, 3 g NaCl, 1 ml CaCl2 (0.1 mol dm
-3
), 1 
ml MgCl2 (1.0 mol dm
-3
), 1ml FeCl3 (0.003 mol dm
-3
) in 1 l H2O] or a solution of 
tryptone soy broth. These media were prepared and then separated into 100 ml serum 
bottles, sealed and autoclaved ready for inoculation. Due to Shewanella oneidensis 
being a facultative anaerobe, it was possible to prepare the inoculum both aerobically 
and anaerobically, as the bacteria should switch to anaerobic respiration once in the 
environment of the N2 purged anode MFC chamber. If preparing anaerobically, the 
media was purged with N2 for 15 min each. A 2 ml frozen stock sample of S. oneidensis 
defrosted and then introduced to the media using a needle.  
 
At the beginning of study, growth curves were plotted to assess the stage of growth of 
the cultures of S. oneidensis. Figure 2.1 shows the resulting growth curve obtained from 
growing and measuring the optical densities of the culture over time. The growth curves 
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show the time taken by each species to reach its peak growth phase. Bacteria should be 
used for inoculation of the cell when the samples have reached the plateau in the growth 
curve. The optical density measurements were taken by collecting a 1ml sample with a 
syringe, placing in a cuvette then recording the absorbance at 600 nm wavelength with a 
UV spectrometer. 
 
Figure 2.1 – A typical growth curve of Shewanella oneidensis 
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2.2 Membrane Preparation and Synthesis 
 
A number of IEM preparation steps were undertaken when setting up a test MFC cell. 
The Nafion
®
 used in all experiments is Nafion
® 
115. Before being added to the MFC 
and hot pressed to the cathode, Nafion
® 
needs to be “activated”. This activation 
produces the Nafion
®
 in the fully hydrated “expanded” form. It is done by boiling it in 
aqueous peroxide (3%), deionised water, aqueous sulphuric acid (1 mol dm
-3
) and then a 
final deionised water treatment step (1 h for each step). The hydrogen peroxide cleans 
the membrane and removes organics, the H2SO4 allows the sulfonate groups to be fully 
protonated and dissociated, and the H2O removes the excesses of the above reagents and 
ensures the Nafion
®
 is fully hydrated [1]. 
 
When testing the in house synthesised IEM (the Surrey radiation-grafted AEM and 
novel CEM) the membranes needed to be grafted from the pre-cursor polymer backbone. 
This involved the electron beaming (in air) of the precursor film ethylene 
tetrafluoroethylene (ETFE) as described in the introduction. The e-beaming took place 
off-site at Synergy Health Ltd in Swindon.  
 
In the case of both the AEM and the CEM, the same pre-cursor was used, ETFE with a 
thickness of 50µm. The pre cursor polymer film was exposed to electron-beam in air to 
a total dose of 7 MRad (70 KGy) [2]. The irradiated polymer films were then 
transported back to the laboratory in dry ice and stored in a freezer at -36
o
C until needed 
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for grafting. This pre-grafting form of the membrane is stable at -36
o
C for 6 months, so 
a large batch can be produced at once and stored for future use. 
 
RG-AEMs were synthesised by grafting vinylbenzyl chloride (VBC) onto the e-beamed 
polymer backbone followed by functionalising with trimethylamine (Figure 2.2). The e-
beamed ETFE was heated in a solution of 20% VBC, 1% surfadone (surfactant) and 
79% propanol by volume at 60
o
C for 72 h. Before heating, there was an initial N2 purge 
for 1 h at room temperature. The resulting radiation grafted, intermediate copolymer 
was then thoroughly washed in toluene at 60
o
C, followed by drying over 5 h in a 
vacuum oven at 70
o
C (to ensure the toluene was removed).  The quaternisation step was 
conducted by heating the intermediate-grafted membrane in a 20% trimethylamine 80% 
propanol:water mix (1:1) at 80
o
C for 168 h. The AEM was ion-exchanged and hydrated 
prior to use by being soaked in potassium hydroxide (1M) for 24 h to ensure the 
membranes initially contained the hydroxide (OH
-
) counter ion. 
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Figure 2.2 – Reaction scheme for the grafting of VBC onto ETFE and quaternisation 
with trimethylamine to form RG-AEM [2] 
 
An RG-CEM membrane was synthesised and tested, which was designed to share the 
same IEC as the RG-AEM.  They were synthesised by grafting styrene onto the e-
beamed polymer backbone followed by functionalising with chlorosulfonic acid (Figure 
2.3). The e-beamed ETFE (7 MRad total dose) was heated in a solution of 40% styrene 
and 60% toluene by volume at 60
o
C in a water bath for 24 h, there was again an initial 
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N2 purge for 1 h at room temperature, which stops the inhibitor in the styrene (4-
tetrabutyl) that is present to stop the formation of homopolymer in the styrene bottle 
before required use. The resulting RG intermediate copolymer was then thoroughly 
washed in toluene at 60
o
C for 24 h, followed by drying over 5 h in a vacuum oven at 
70
o
C (to ensure all of the toluene was removed).  The final functionalization step was 
conducted by heating the intermediate-grafted membrane in a solution of chlorosulfonic 
acid (0.2 mol dm
-3
) in dichloroethene (DCE) at 60
o
C for 24 h. Due to the water sensitive 
nature of chlorosulfonic acid the thorough drying of the intermediate membrane and all 
reaction vessels was imperative. The CEM was hydrated prior to use by being soaked in 
hydrochloric acid (1M) for 24 h to ensure the membranes initially contained the 
hydrogen (H
+
) counter ion. 
 
During the tests the same single chambered cell setup as with the Nafion
®
 tests were 
used with the RG membranes (described below). 
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Figure 2.3 – Reaction scheme for the grafting of styrene onto ETFE and 
functionalization with chlorosulfonic acid to yield the RG-CEM 
 
The table below (Table 2.1) shows the backbone, head group structures and thicknesses 
of all the membranes used in the tests. Several different varieties of the novel RG-CEM 
were prepared, for use in ex-situ stability tests to determine the suitability of each 
method. 
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Membrane Radiation 
dose/grafting 
time 
Backbone Head group Thickness(hyd) 
Nafion
®
 
115 
N/A tetrafluoroethylene Sulfonic acid 158 µm 
RG-AEM 
S80 
7 MRad 24 
hours 
ETFE
 
Benzyl 
trimethylammonium 
80 µm 
RG-AEM 
S230 
7 MRad 24 
hours 
ETFE Benzyl 
trimethylammonium 
230 µm 
RG-CEM 
1  
(7 MRad 
24 h) 
7 MRad 24 
hours 
ETFE Benzyl sulfonic acid 115 µm 
RG CEM 
2 
(3.5 MRad 
48 h) 
3.5 MRad 48 
hours 
ETFE
 
Benzyl sulfonic acid 116 µm 
RG CEM 
3 
(7 MRad 
48 h) 
7 MRad 48 
hours 
ETFE Benzyl sulfonic acid 117 µm 
 
Table 2.1 – Table of structures for IEMs used in testing 
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2.3 MFC Setup 
 
For the MFC performance tests, a single chambered air breathing MFC was used, where 
the anode chamber was either inoculated with a single bacterial species or Camberley 
sludge sample. The cell fixtures comprised of an acrylic outer casing, with the anode 
suspended on a piece of Ni/Cr wire into the central anolyte chamber. The anode was 
made from carbon veil, 5 layers thick (3 cm x 3 cm) to give an adequate surface area.  
The cathode was a layer of E-Tek carbon cloth (3 cm x 3 cm) loaded on one side with 4 
mg cm
-2
 Pt black as the oxygen reduction catalyst (with a PTFE-bonded Vulcan XC-72 
microporous layer between the cloth and the catalyst layer).  This setup is shown in 
Figure 2.4. 
 
 
 
Figure 2.4 – Diagram of the structure of the cathode used in air-breathing MFCs 
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Before assembly, the cathode catalyst layer is painted with an ionomer. The use of 
ionomers in the cathode construction of an MFC provides several different advantages. 
They act as an ion conductor, making the ionomer create a better contact, allowing 
deeper ion conduction into the catalyst layer to more catalyst sites therefore increasing 
the active catalyst area (Figure 2.6). Without an ionomer, ions can only reach catalyst 
sites on the surface catalyst layer, but not sites deeper within the electrode layer (Figure 
2.5). They can also act as a binding material to improve contact between membrane and 
catalyst. 
 
Figure 2.5 – Cathode assembly without ionomer in the catalyst layer 
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Figure 2.6 – Cathode assembly with ionomer in the catalyst layer 
 
In this instance the ionomer was either a Nafion
®
 ionomer dispersions for PEM/CEM 
tests or a suitable AEM ionomer depending on the IEM being tested. For the latter, to 
prepare the air breathing cathodes for use with the AEMs, the cathode catalyst layers 
were sprayed with poly(vinylbenzyl chloride) in ethyl acetate to a loading weight for 
0.5-1 mg cm
-2
 poly(vinylbenzyl chloride). The cathodes were then soaked in 
N,N,N’,N’–tetramethyl–1,6–hexanediamine (99%) for 24 hours[3]. After rinsing, the 
cathodes are soaked in KOH (1M) for one hour, followed by washing with water. This 
converts them to the initial hydroxide form. The IEM was then hot pressed to the 
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cathode to ensure a good connection. Nafion
®
 115 PEM was hot pressed to the treated 
cathode at 135
o
C with 0.5 tonnes pressure for 3 min. When hot pressing the RG-CEMs 
and RG-AEMs, a temperature of 60
o
C with 0.5 tonnes pressure for 3 min was used, as 
these IEMs are potentially more temperature sensitive.  
 
For filling the central anodic chamber with the sludge inoculated MFCs, 5 ml of the 
anaerobic digester sludge was resuspended in a phosphate buffer comprised of (16 mM 
NaH2PO4 and 84 mM Na2HPO4 at pH 7.5). A small amount of vitamin and mineral 
solution was also added. The vitamin solution used contained (to make 1 l): 2 mg biotin, 
2 mg folic acid, 10 mg pyridoxine-HCl, 5 mg riboflavin, 5 mg thiamaine HCl, 5 mg 
nicotinic acid, 5 mg pantothenic acid, 0.1 mg vitamin B-12, 5 mg p-aminobenzoic acid, 
5 mg thioctic acid. It was pH balanced to pH 7. The biotin was added first followed by 
the other compounds. The mineral solution used contained (to make 1 l): 1.5 g 
nitriloacetic acid, 3 g MgSO4.7H2O, 0.45 g MnSO4.H2O, 1 g NaCl, 0.1 g FeSO4.7H2O, 
0.1 g CaCl2.2H2O, 0.18 g CoCl2.6H2O, 0.13 g ZnCl2, 0.01 g CuSO4.5H2O, 0.018 g 
AlK(SO4)2.12H2O, 0.01g H3BO3, 0.025 g Na2MoO4, 0.024 g NiCl2.6H2O, 0.025 g 
Na2WO4.2H2O. The first step was to dissolve the nitriloacetic acid in water and adjust 
the pH to 6.5. This was followed by adding the other minerals, and adjusting the final 
pH to 7. When added to the media to be used, the vitamin and mineral solutions, along 
with the glucose solution, were introduced via a 0.22 µm disposable sterile filter. 
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For the single species MFCs, 2 ml S. oneidensis of the appropriate optical density was 
resuspended in AB minimal media [4].  A substrate of 1.2 g L
-1
 sodium lactate and 1.18 
g L
-1
 Na2SO4 is added for MFCs using S. oneidensis.  
 
Continuous operational mode required autoclaved tubing and connectors. A bottle, 
containing the phosphate buffer that was used in the initial inoculum step, was then 
connected to the anolyte chamber via a peristaltic pump set at a low rate (0.375 ml h
-1
).  
Fresh sterile buffer was then pumped in at a set rate, replacing the contents of the cell 
roughly once a day, while the effluent was pumped out into a waste bottle (Figure 2.8). 
This ensures that the microbes were being supplied with anolyte at a constant rate, and 
prevents any settling of the bacteria at the bottom of the cell. Below is a photograph of a 
working cell setup (Figure 2.7). 
 
 
Figure 2.7 - Photograph of single-chambered cell setup 
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Figure 2.8 – Schematic showing the continuous mode setup used for MFC tests 
 
2.3.1 Power and Voltage Assessment 
 
The main way of ascertaining the in situ effect of different IEMs on the system is the 
measuring of the MFC voltage and power output when connect to different external 
loads (resistances) i.e. recording the MFC voltage with different current density outputs. 
Cell voltage and electrode potentials in MFCs are usually measured using voltmeters 
and multimeters. The in-situ results for the IEMs tested in this work are measured by 
measuring voltage and power with time. A polarization curve is the plotting of voltage 
as a function of current. Typically for MFCs, a polarization curve is recorded when the 
external load is periodically decreased (constant resistance discharge), the voltage is 
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measured, and the current calculated according to Ohms law I=Ecell/R (where Ecell is cell 
voltage and R is the external resistance applied). A power curve describes the power 
density as a function of current and is calculated from the polarization curve according 
to P = Ecell x I, where Ecell is cell voltage at current I. An Arbin Battery Tester was used 
to automatically collect the voltages, currents and powers under constant R control with 
Arbin’s MITS Pro software package being used to visualise the data. During this work, 
polarizations were carried out using the battery tester to hold the following resistances 
for 5 minutes at a time: 300 kOhm, 100kOhm, 70 kOhm, 40 kOhm, 25 kOhm, 12 
kOhm, 8 kOhm, 6 kOhm, 4 kOhm, 2 kOhm, 1 kOhm, 500 Ohm, 250 Ohm. These were 
carried out at ambient temperature.  
 
2.4 Membrane Characterisation and Analysis Methods 
 
The methods used in this work can be split into two major categories: electrochemical 
analysis and chemical characterisation. The former includes methods used when testing 
membranes in situ to establish MFC performance and power output. The latter involves 
the characterisation and assessment of the properties of the IEMs including the 
synthesized RG-IEMs. 
 
Several ex situ stability tests were also run on the IEMs to see the effect of exposure to 
a variety of different conditions. Figure 2.9 shows the samples taken from sheets of 
each IEM in preparation for the tests. The samples were cut up and placed in separate 
100 ml duran bottles containing a small magnetic stirrer bar and the test media for the 
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stability tests. They were then placed on a stirring plate and set to stir gently (around 
100 rpm) to ensure no settling of solutions during the test period. One sample piece of 
membrane for each test (gravimetric water uptake, ionic conductivity and ion exchange 
membrane) was placed in each bottle. The solutions used in the tests were as shown in 
Table 2.2. The tests were run for between 7 – 30 days, as specified in the results section.  
 
Figure 2.9 – Diagram of membrane sample sizes for used for stability testing of IEMs – 
blue: ion exchange capacity; red: ionic conductivity; green: gravimetric water uptake 
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Test Type 
 
 
Solution Contents 
 
 
Bacteria 
 
 
Anaerobic Sludge 
 
10 ml digester sludge, 85 ml 
phosphate buffer solution, 5 ml 
sucrose 
  
 
Shewanella oneidensis 
 
10 ml S. oneidensis, 85 ml AB 
minimal media, 5 ml sodium lactate 
 
 
Media 
 
 
Phosphate Buffer 
 
16 mM NaH2PO4 and 84 mM 
Na2HPO4 
 
 
AB Minimal Media 
 
(2 g (NH4)2SO4 6 g Na2HPO4 3 g KH-
2PO4 3 g NaCl 1 ml  CaCl2 (0.1 mol 
dm
-3
) 1 ml MgCl2 (1.0 mol dm
-3
) 1ml 
FeCl3 (0.003 mol dm
-3
) 
 
 
Blanks 
 
 
Water 
 
Sterilized deionised water 
 
 
Ethanol 
 
Sterilized deionised water 
(rinsed with 70% ethanol) 
 
 
Table 2.2 – Table of compounds used in stability test solutions 
 
The samples were analysed before and after exposure to the test solutions using a 
Raman spectrometer and an impedance spectrometer (to record membrane conductivity). 
The IEC of the IEMs were also recorded using titration methods and the water uptakes 
were also recorded. 
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2.4.1 Raman Spectroscopy and Electrical Impedance Spectroscopy (EIS) 
The Raman models used in this work were a Perkin-Elmer System 2000 FT-
Raman/near-IR spectrometer and Thermo Scientific DXR Raman microscope. The 
membrane samples were bunched together in small Durham vials then dried in a 
dessicator for one week before being placed in the beam path for 32 scans (resolution 
4.0 cm−1 and interval 1.0 cm−1) from 1800 cm−1 to 500 cm−1 at 500 mW. 
In the ex-situ stability testing phase the electrical impedance spectroscopy technique 
EIS was used to determine ionic membrane conductivity. Impedance spectra were 
collected on a Solatron 1260/1287 frequency gain analyser with maximum voltage 
amplitude of 100 mV and a frequency range of 1 MHz – 1 kHz. Each measurement was 
repeated four times with each membrane and was blank-corrected by subtracting the 
resistance of a short-circuited cell from the measured resistance of a membrane This 
assumes all other resistances, such as the wires and graphite plates, are constant. 
   
This particular test method is used to determine the through-plane resistance of the 
membrane, in which the electrodes are placed either side of the membrane and 
resistance through the thickness of the membrane can be determined. Measurements of 
along-plane resistance can also be taken, but the through-plane method was chosen as 
best representing the movement of ions across the membrane in an MFC. 
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IEM samples that had bacterial contamination were first washed with 70% ethanol 
solution to sterilize them. The membranes were cut in to 2 cm x 2 cm sample squares.  2 
x circles of 1.33 cm
2 
surface area were then cut out of a Vulcan XC-72 carbon powder 
coated carbon cloth and hot pressed to each side of the IEM samples (with carbon 
powder sides facing the IEM). The pressing temperature was 60
o
C for RG-IEMs and 
125
o
C for Nafion
®
 samples (pressing time was 3 min). Each “mini” membrane electrode 
assembly (MEA) was then secured between two graphite plates with gold-coated 
connectors. A clip was used as a clamp (coated with insulation tape to ensure no 
electrical short circuit from the metal on the clip). The plates were then submerged in 
deionised water, with the gold connectors remaining above the water line (Figure 2.10).  
 
As MFCs usually operate at ambient temperature, the stability tests were run at room 
temperature and the temperature recorded for each experiment.  The initial conductivity 
tests on the RG CEM, however, were run at 30, 40, 50 and 60
o
C as there was no 
previous conductivity data to compare to. The temperatures were controlled by placing 
the conductivity set-up in a convection oven. 
 
 
 
 
62 
 
The conductivity of the membrane is determined by the Nyquist plot created (Figure 
1.9) where the x-axis intercept is the resistance. Conductivity was calculated by using 
the following equation:  
𝜎 =  
𝑡
𝑅𝐴
 
where t is IEM thickness (cm), R is blank-corrected resistance (Ohm) and A is area of 
contact (1.33cm
2
). The blank corrected resistance is Rmem = Rtotal – Rblank. 
 
 
Figure 2.10 – Diagram of setup for conductivity testing 
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2.4.2 Ion exchange capacity (IEC) and water uptake (GWU) measurements 
 
The other tests used to determine the reaction of the IEMs to the stability test solutions 
were ion exchange capacity (IEC) and gravimetric water uptake. Gravimetric water 
uptake measures a membrane’s ability to absorb water. This shows how the hydration 
capacity of the membrane may have been affected by the environmental conditions of 
the stability test. IEM samples were weighed after removal from the test solutions to 
determine the hydrated mass Mhyd. The samples were then dried in a desiccator for 7 
days and weighed again to determine the dehydrated mass Mdhyd. All masses were 
measured using a calibrated five-figure balance.  
 
𝑊𝑈 = 100% 𝑥 
(𝑀ℎ𝑦𝑑 − 𝑀𝑑𝑒ℎ𝑦)
𝑀𝑑𝑒ℎ𝑦
 
IEC is used as a measure of the number of ionic sites that can participate in membrane 
exchange processes. It is expressed in mmol g
-1
 (dehydrated membrane).  
To measure the total IEC of the AEMs, a Metrohm auto titrator (Figure 2.11) was used 
to measure the number of amine and ammonium groups available for ion exchange. 
Prior to testing, any sample that had been in contact with bacterial contaminants was 
washed thoroughly with 70% ethanol to sterilize it. All concentrations are 1 mol dm
-3
 
unless otherwise stated.  
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Figure 2.11 – Metrohm Autotitrator 
The samples of AEM for total IEC determination were soaked in aqueous hydrochloric 
acid for at least 3 h and stirred at 350 rpm. To measure only the quaternary ammonium 
content, the AEM samples were soaked in aqueous potassium chloride rather than 
HCl(aq). The AEM samples were thoroughly rinsed with deionised water and then 
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soaked in sodium nitrate (1 mol dm
-3
) for 12 hours (stirred at 350 rpm). Concentrated 
nitric acid (approx. 2 cm
3
) was then added to the vessels. The resulting solution was 
titrated with aqueous silver nitrate (aq, 0.02 mol dm
-3
) using an auto titrator with a silver 
titrate indicator electrode. The end point was determined via the maxima in the 
differential curves (d(voltage)/(d(volumetitrant)). This procedure was conducted in 
triplicate for each AEM and a blank was run with each batch (the blank consisted of a 
known volume of hydrochloric acid (0.1 mol dm
-3
, 2 cm
3
), concentrated nitric acid 
(2cm
3
) and deionised water to check the electrode operation. The IEC was calculated 
using the equation below. The results could then be used to calculate the secondary and 
tertiary amine IEC by subtracting the quaternary IEC from the total IEC.  
𝐼𝐸𝐶 𝐴𝐸𝑀 =  
𝑛(Ag+)
𝑀𝑑𝑒ℎ𝑦
 
where n(Ag
+
) is the amount of silver ions (in mmol) added at the end point and Mdehy is 
the dehydrated mass of the AEM.  
To measure the IEC for the CEMs, the CEM samples were first soaked in sulfuric acid 
(aq, 0.1 mol dm
-3
) for 12 h whilst being stirred at 350 rpm and were then rinsed with 
deionised water. The CEM samples were then soaked in sodium chloride (0.1 mol dm
-3
) 
solution and stirred overnight. The membrane was then thoroughly rinsed with 
deionised water over the vessel containing the aqueous sodium chloride. This solution 
was then titrated with potassium hydroxide (0.1 mol dm
-3
) using a pH probe and an 
autotitrator. The procedure was repeated three times and a blank was run with a solution 
66 
 
containing 1 cm
3
 of hydrochloric acid (1 mol dm
-3
) and 20cm
3
 of sodium chloride (1 
mol dm
-3
) to check the titrations were working as planned. The ion exchange capacity of 
the CEMs was calculated using the equation below.  
𝐼𝐸𝐶 𝐶𝐸𝑀 =  
𝑛(𝐾𝑂𝐻)
𝑀𝑑𝑒ℎ𝑦
 
where (KOH) is the amount of KOH added at the end point and Mdehy is the 
dehydrated mass of the CEM 
2.4.3 Oxygen permeability testing 
Oxygen permeability tests were run on the hydrated membranes to see if the oxygen 
crossover varied markedly between the different IEMs. A special permeability cell was 
designed and made for this testing (Figure 2.12). The outer casing of the cell was made 
from a block of Perspex. It featured a central chamber of 100 ml volume, with one side 
open to the air and closed with 8 screws. There was a rubber gasket layer between the 2 
perspex elements to increase the seal between the membrane and the cell to counteract 
any water leakage. There were 3 holes in the top, for filling the cell and to allow access 
to tested solution, for purging the cell with nitrogen, and to allow any displaced air to 
escape during purging.  
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Figure 2.12 – Setup of oxygen permeability cell 
The cells were filled with deionised water, leaving a small headspace to allow room for 
nitrogen purging. The water was then purging with N2 for an hour. This brought down 
the dissolved oxygen to the same low level (0.2 mg L
-1
) for each test. The permeability 
cell was then sealed with rubber stoppers and tested with CHEMetrics dissolved oxygen 
test ampoules after 1 h. After reviewing the literature it showed that the dissolved 
oxygen concentrations in running MFCs was around 0.5-4 ppm oxygen [5, 6, 7]. 
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Therefore 2 CHEMetrics kits were used; Rhodazine D (0-1 ppm) and Indigo Carmine 
(1-12 ppm). Initial testing with a sealed cell and a small headspace showed a fast 
increase in the oxygen concentration of the water within the cell. It was thought the 
headspace might be the issue, so in repeat tests, the headspace of the chamber was 
slowly pumped with N2 during the O2 permeability testing. 
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3. The Use of RG Membranes in MFCs 
 
3.1 Method Development for MFC Testing 
 
To assess the best method of sterilization of the reusable components in an MFC test, 
background experiments were conducted. After setting up the first MFC, a comparison 
test was set up, to allow comparison of the different methods of sterilizing parts of the 
cell. MFC 1 was assembled, filled with sterile H2O and then autoclaved. It was thought 
that this might be an effective way of ensuring non-contamination of the single 
microbial species. When it was time to place the anode in the chamber, the MFC fixture 
was handled in sterile conditions in a laminar flow cabinet. MFC 2 was sterilized 
completely by soaking in ethanol overnight and was then assembled in a similar way in 
the laminar flow cabinet. The objective was to see if autoclaving rather than using 
ethanol to sterilize every part of the cell apparatus made a significant difference to the 
running of the MFCs.  
 
The power curves achieved from both cells (ethanol and autoclave sterilized) after 
running them at controlled resistance discharges are presented below. Resistance values 
ranged between 250 Ohm and 700 kOhm. Figure 3.1 shows the results for both the 
autoclaved and ethanol sterilized cells. 
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Figure 3.1 – Power Curve for the autoclaved MFC vs ethanol sterilized MFC. Cells run 
using anaeorobic digester sludge innoculum, R = 40kOhm. 
 
Both MFC set ups were identical apart from the methods of sterilization used. As can be 
seen, the higher power value was achieved using the ethanol sterilized setup, and 
autoclaving process had no appreciable benefit regarding realising the best MFC power 
output. There was also some evidence that if the MFC was assembled and then 
autoclaved, the temperature and pressure it was subjected to caused the outside Perspex 
plates to warp. This made reassembly of the MFC difficult and reduced the life span of 
the cells. In all future testing, the cell components were autoclaved in an autoclave bag 
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unassembled, and any small or temperature sensitive components were sterilized with 
ethanol in a laminar flow cabinet.  
 
During the setup of the initial testing MFCs, anaerobic digester sludge was used, as this 
would be closest to the operating conditions of the MFC in real-life applications. 
Initially, sludge from a source in Glamorgan was used, as samples were readily 
available from previous collaborations [1]. However, this sample had been collected a 
considerable time ago so it was thought that a new sample would be scientifically more 
valid. A sample of anaerobic digester sludge from a more local source (Camberley) was 
collected and compared with the Glamorgan sludge to see if there would be any 
appreciable change in power output of the resulting MFCs. The purpose of this exercise 
was to establish the differences in electrogenic activity by different communities with a 
different history. 
 
The plots of the voltage achieved from cells run at a fixed resistance of 40000 Ohm are 
shown below: Figures 3.2 and 3.3 compare the MFC (batch mode) results obtained 
using inocula obtained from the two different sources, with Nafion
® 
as the membrane 
separator.  Both cells presented a long lag phase before an increase in voltage could be 
observed, although both reached a (low) peak in voltage at around the same time. After 
this point (t = 23 d), even with an increase in the rate of replacement of the sludge and 
buffer, the MFC voltage showed a continuous decrease.  
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There was little difference in the peak voltage obtained over the course of the 
experiment, and both cells only managed to run at the peak voltage for a short period of 
time. Problems that occurred during the running of the experiment may have been 
caused by exposure of the cell to air when topping up and replacing the anolyte medium, 
even though oxygen exposure was limited and all suspensions were purged with 
nitrogen. The running of the MFCs in a N2-only controlled environment is a potential 
future solution to this problem to some extent, although the practicalities of such a setup, 
particularly in real world applications, are limited.  
 
 
 
Figure 3.2 – Camberley Sludge Cell Voltage (Nafion® PEM, R = 40 kOhm) 
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Figure 3.3 shows that the voltage levels in the Glamorgan MFC were slightly more 
erratic, not showing the increase and decreasing trend shown by the Camberley MFC. 
The brief spikes in voltage (in Figure 3.2) are down to the fact that these cells were run 
in batch mode, and the handling of the cell to replace the sludge inoculum and buffer 
solution causes these jumps on the graph. The difference in pattern displayed between 
the plots may be related to the fact that the Glamorgan sample was collected two years 
prior to the Camberley sample. It was decided that the Camberley sample would be used 
for all future digester sludge studies, as it was more recently collected and further 
samples could be collected easily, which would decrease the experimental variability. 
 
 
Figure 3.3 – Glamorgan Sludge Cell Voltage (Nafion® PEM, R = 40 kOhm) 
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All future MFC experiments were run using a continuous mode set up (as shown in 
chapter 2, Figure 2.9) with a anolyte replacement rate (pump speed) of 0.5ml h
-1
. This 
was to minimise the disturbances to the operating MFCs, therefore reducing sharp peaks 
in voltage, and also to minimise the amount of oxygen exposure to the anodic bacteria. 
 
3.2 In situ Testing of RG-AEM  
 
3.2.1 RG-AEM Sludge MFC Experiments 
 
The AEM tests were run using an RG-AEM synthesized at Surrey by Poynton et al.[2]. 
This membrane has been made using several different thicknesses of the base polymer 
(ETFE). Although the membrane has thickness ranging down to 20 µm [2] it is thought 
that for this application a slightly thicker membrane would be preferable, due to the 
oxygen-sensitive nature of the anodic microbial suspension. To see what effect 
thickness had on the properties of both the membrane and the MFC, two thicknesses of 
AEMs were chosen for study; the 80 µm (S80) and 230 µm (S230). The hydrated 
thickness of Nafion
® 
115 is 158 µm [3] so those thicknesses show a range either side of 
this industry standard PEM. 
 
The figures below show the graphs obtained when running the cell at a fixed resistance 
of 40 kOhm.  Figure 3.4 shows what happened in the MFC using the AEM that had a 
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hydrated thickness of 80 µm (S80). Due to the inability to hot press the cathode to the 
membrane (as done with the Nafion
®
) because of the anion exchange ionomer system 
used had instability at elevated temperatures, it was not possible to obtain a perfectly 
flat cathode. This meant that the contact between the cathode and the current collector 
was not stable, causing the fluctuating voltage readings. 
 
Figure 3.4 – S80 AEM MFC performance (Camberley Sludge, R = 40 kOhm) 
 
The addition of a small piece of a supporting plastic (PTFE) helped but was not rigid 
enough to cause a constant connection (Figure 3.5). Visually it was confirmed that the 
connection in the S230 cell was better (MFC performance presented in Figure 3.6). This 
may be because the membrane is thicker and has more inherent rigidity, causing a more 
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stable physical connection. The arrows indicate when the cell was shaken to ensure that 
the bacteria did not settle to the bottom of the cell for the S230 MFC test, which caused 
brief fluctuations in voltage. 
 
 
Figure 3.5 – S80 MFC test (as in Figure 3.3 with additional mesh (PTFE) layer to aid 
IEM/cathode physical contact) 
 
To solve the problem of a disruption in the physical connection, pieces of acrylic 
(thickness 3 mm) with holes of diameter 2 mm were placed between the central 
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stronger physical connection to the current collector (Figure 3.7). This proved 
successful and the cells produce a steady voltage reading when this system was 
analysed. The only negative effect observed is that during long term testing there was 
some bacterial colonisation of the holes in the acrylic, which might cause a drop in 
performance long term as access to the IEM is reduced.  
 
 
Figure 3.6 – S230 AEM MFC test (conditions same as Figure 3.4) 
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Figure 3.7 – Acrylic Membrane Support 
 
Figure 3.8 – S80 MFC test with an additional acrylic support to improve the contact 
between AEM and cathode 
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Figure 3.8 shows the voltage reading of a cell running using the Surrey AEM as a 
separator with the acrylic support in a single chamber air breathing MFC. The MFC 
showed an unusually long lag phase (19 d) before any electrogenic activity was 
observed, possibly due to the complex nature of the community in the anaerobic 
digester sludge sample. The sharp peaks in voltage recorded correspond to the cell being 
agitated to aid mixing of the anolyte. 
 
Figure 3.9 shows a repeat of the MFC presented in Figure 3.8. This time the lag time is 
shorter, taking approximately 9 days to observe electrogenic activity with regards to 
voltage production. However, the output is still too unreliable and the complex 
composition of the sludge inolucum perhaps caused the observed variability in the 
results of membrane testing, as there might be too many variations in bacterial 
community composition between different anodic biofilms. 
 
Figure 3.9 – S80 AEM repeat sludge test (R=40kOhm) 
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After the sludge experiments proved to be relatively inconclusive, an experimental 
system was designed to utilise single species as inoculum for MFCs for this study, 
which is focussed on an initial evaluation of RG IEMs in MFCs and a comparison of 
their relative performance, to limit the amount of variables in the experiments. Several 
options were considered, but Shewanella oneidensis was eventually chosen based on its 
electrogenic properties, its non-pathogenic nature and its ability for growth under 
aerobic and anaerobic conditions [4]. 
 
The following in situ experiments with the S80 AEM were all performed using S 
oneidensis as the microbial electron donor. The cultures were prepared as described in 
Chapter 2, using the same amount of bacteria in each running cell (2 ml of stock 
sample, thawed after storing at -80
o
C). 
 
During the running of the small (9 cm
3
) MFCs, there were several incidents of anolyte 
leakage. This was initially addressed by drilling more holes in the acrylic cell outer 
fixtures to add more screws and therefore more uniform sealing pressure to the outside 
of the MFC setup. This proved unsuccessful, and slow leaks were still occasionally 
observed. However, combining the added screws with an adhesive sealant (Silcoset 
silicon sealant) around the IEM and the rubber gasket addressed the problem. The 
MFCs were left to dry inside a sterile laminar flow cabinet before any anolyte solutions 
were added, minimising the contamination of any acetic acid released from the sealant. 
83 
 
This method also removed the need for the additional acrylic support, as the IEM can be 
effectively adhered in place using the sealant. 
 
3.2.2 Initial Single Species MFC Testing 
 
To make sure there were no chemical contributions to any voltage reading taken during 
in situ testing of the AEM, a blank test was run. This was an MFC sterilised using an 
autoclave and ethanol, with silicon sealant used to join AEM to the rubber gasket. The 
cell was then filled with a mixture of AB minimal media and sodium lactate (0.2 mol 
dm
-3
).  
 
Figure 3.10 – S80 MFC blank test (sterile cell with anolyte media, R = 40 k Ohm) 
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Figure 3.10 shows the voltage reading of a blank cell using the RG-AEM as a separator 
over 40 h. This result shows that the MFC voltage produced in the following 
experiments were not the result of any abiotic electrochemical activity. 
 
 
Figure 3.11 – MFC tests (S80 AEM) single species S. oneidensis R = 40 kOhm) 
 
Figure 3.11 displays the voltage readings of two identical MFCs set up simultaneously. 
They both used the RG-AEM S80 as the IEM separator. Figure 3.11 shows the power 
performance curves taken after the 4 d period. Both were exposed to the same 
temperature conditions and run over the same 4 d period. The drop observed at the 0.5 h 
mark is due to the MFC switching from open circuit to closed circuit mode. A lag time 
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of around 12 h before and voltage increase (and therefore bacterial electrogenesis) was 
observed and was consistent in both cases. These results show that the use of the single 
species S. oneidensis provides a reasonable output of both power and voltage, with 
voltages of 0.25 to 0.35 V and power densities of around 8.8 mW m
-2
 (with respect to 
the cathodic surface area of 9 cm
2
).  It also shows that use of the single species allows 
for a more repeatable MFC setup and therefore potentially a more comparable MFC test 
data with different IEMs.  
 
 
Figure 3.12 – Power curves from single species MFCs recorded after 4 d of the constant 
R tests (in Figure 3.11) 
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Figure 3.13 shows is a power vs resistance plot from the power curve experiments, with 
the resistances values measured marked with dots.  The resistance values at which the 
voltage and current are measured for the power curves are as follows: 300 kOhm, 
100kOhm, 70 kOhm, 40 kOhm, 25 kOhm, 12 kOhm, 8 kOhm, 6 kOhm, 4 kOhm, 2 
kOhm, 1 kOhm, 500 Ohm, 250 Ohm. This shows that the greatest power level was 
achieved when running the cell with 40  kOhms of external resistance, indicating that 
the resistance level used in the prior long term studies is likely to produce close to the 
maximum power available, at least when using an S80 AEM. This is an unusually high 
level of resistance for a microbial fuel cell, potentially indicating a higher internal 
resistance of this particular physical setup. The use of a such a high resistance may 
cause the bacteria to limit the use of higher energy metabolic pathways and therefore 
reduce the amount of electrons donated to the anode.  
 
 
Figure 3.13 – Power vs Resistance curve for a S. Oneidensis S80 AEM MFC 
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3.3 Use of a Novel RG-CEM in MFCs 
 
After the radiation grafting of ETFE with styrene and chlorosulfonic acid, the resulting 
RG-CEM was tested as a separator in a single chamber air breathing MFC. Several 
development steps were taken to find the correct grafting method to produce a 
membrane most comparable to the S80 AEM (discussed in detail in chapter 4). After 
comparison of several properties of the different RG-CEM produced, RG-CEM 1, with 
a total radiation dose of 7 MRad and a 24 h styrene grafting step, was chosen as the 
most comparable to the RG-AEM S80 being studied. All in situ MFC tests used this 
version of the membrane.  
 
Figure 3.14 shows the results of the initial testing of the RG-CEM 1. Figure 3.15 shows 
the results of repeated experiments on RG-CEM 1, including the results of a blank 
experiment, run to test whether or not the RG-CEM would show any chemical 
interference that would cause power/voltage output without the presence of microbial 
species. The results after 5 days show no appreciable output, meaning that any power 
produced in subsequent MFC experiments were the result of inoculating the MFCs with 
S. oneidensis. The MFC was set up with sterilized components and sterilized AB 
minimal media in the anode chamber.  
 
Figure 3.15 shows that although the lag time at MFC startup is slightly longer than that 
usually found with AEM MFCs (when compared with Figure 3.11), especially in 
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regards to repeat 2, the resulting voltage achieved is much higher ( ≥ 0.4 V). This 
suggests S. oneidensis cells are taking longer to start growing (and donating electrons to 
the anode). There could be a contribution from the membrane chemistry, i.e. protons, 
leeching into the anode solution and causing a pH drop. The repeat 2 MFC test shows a 
slightly shorter lag time, and a small increase in the voltage achieved (compared to the 
AEM containing MFCs).  
 
 
Figure 3.14 – Initial voltage reading from a single species MFC using RG-CEM 1. 
single species S. oneidensis R = 40 kOhm 
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Figure 3.15 – RG-CEM voltage reading in a single species Shewanella oneidensis MFC. 
R = 40kOhm. Control cell contained no bacterial innoculum. 
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3.4 Comparison of RG IEMs with Nafion
®
 
 
To compare the voltages and powers acheived using the Surrey IEMs to an industry 
standard CEM, pairs of MFCs were set up and run simultaneously, with the aim of 
giving the most accurate comparison. Figure 3.16 is the voltage plot from repeated  
MFC testing using Nafion
®
, including a blank MFC using Nafion
®
 115 as the IEM 
(confirming that there is no membrane contribution to the power output).  
 
 
Figure 3.16 Nafion
®
 MFC repeat experiments single species S. oneidensis R = 40 
kOhm. Control cell contained no bacterial innoculum. 
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Figures 3.17 display the voltage readings for a of repeat MFC tests with the RG-AEM 
(S80). When compared to figure 3.16, the voltage output for Nafion
®
 is marginally 
higher. However, if the maximum power densities are taken into account, then the 
results vary more widely. The maximum power density achieved with the Nafion
®
 
MFCs was 10 mW m
-2
 (adjusted to cathode area of 9 cm
2
), whereas the power density 
of the RG-AEM cell was only 1.7 mW m
-2
. The Nafion
®
 value correlates to the values 
found in the literature of 9.95 mW m
-2
 [5].  
 
Figure 3.17 – RG-AEM MFC repeats (S. oneidensis, R = 40 kOhm). Control cell 
contained no bacterial innoculum. 
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The lower power outputs might reflect an effect on the bacterial growth by any OH
-
 
leaching into the anolyte solution, discussed in chapter 4. The RG-AEM also displayed 
lower ionic conductivity and ion exchange capactiy, which could lead to a lower voltage 
output. 
 
 
Figure 3.18 – Comparison of RG-AEM, Nafion and RG-CEM voltage performance 
(single species Shewanella oneidensis MFC, R = 40kOhm) 
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Figure 3.18 show the voltage plots of an MFC using an RG-CEM as the membrane vs a 
test of a Nafion
®
 containing MFC and an RG-AEM containing MFC. This shows more 
clearly the highest voltage production is seen when the RG-CEM is used. Although the 
peak voltage output of the Nafion
® 
containing cell is reasonably close to that of the RG-
CEM, the lag time seen at the start of the experiment is considerably longer. 
 
In conclusion, it can be seen from the voltage plots and power densities observed that 
the RG-CEM 1 and Nafion
®
 perform better than the RG-AEM S80 in MFC tests. 
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4. Ex situ Testing of RG IEMs 
 
Several different tests were run on membrane outside of MFCs to see how the 
membrane reacted to different enironments. The ex situ stability tests were set up as 
described in the Chapter 2. All the IEMs that have been studied were subject to both 
bacterial and non-bacterial ex situ testing.  
 
4.1 Stability Testing 
 
Membrane Conductivity IEC GWU Thickness(hyd) 
Nafion
®
 115 0.032 S cm
-2
 1.75 mmol g
-1
 20% 158 µm 
RG-AEM S80 0.007 S cm
-2  
1.67 mmol g
-1 
25% 80 µm 
RG-AEM S230 0.008 S cm
-2
 1.60 mmol g
-1
 24% 230 µm 
RG-CEM 1 (7 
MRad 24 h) 
0.025 S cm
-2
 1.65 mmol g
-1
 22% 115 µm 
RG CEM 2 
(3.5 MRad 48 h) 
0.02 S cm
-1
 2.43 mmol g
-1 
25% 116 µm 
RG CEM 3 
(7 MRad 48 h) 
0.014 S cm
-1
 2.51 mmol g
-1
 24% 117 µm 
 
Table 4.1 – Table of “as synthesised” values for IEMs that were stability tested 
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During this stability test study, IEMs formed from various different thicknesses, 
grafting times and radiation doses were looked at. This was to find the conditions that 
create the most comparable RG-AEM and RG-CEM for use in MFC testing. For 
comparison to the stability test results, the as synthesised values for all IEMs tested in 
this section are presented in Table 4.1 above. The thicknesses of the hydrated IEMs 
were averaged from several samples and measured using a micrometer. All Nafion
®
 
tests use Nafion
®
 115.  
 
4.1.1 pH Testing 
 
Using the results found from the ex-situ experiments conducted on both commercially-
available Nafion
® 
and RG-IEMs, it is possible to ascertain which IEMs possess 
beneficial characteristics to the performance of an MFC. During the stability testing of 
the IEMs, pH readings were taken at regular intervals. These were taken with both a pH 
probe and pH indicator papers. Table 4.2 shows the results after 5 and 10 days, readings 
taken from the solutions containing membrane samples with a pH probe. The blank 
values for water and sludge (no membrane) after 10 d were 7.23 and 5.45 respectively. 
This shows that the lowering of the pH in samples containing sludge was not 
necessarily down to contribution from the IEM sample, but possibly a by-product of 
microbial activity. The AEM samples show an increase in pH of all the solutions, 
followed by a slight decrease after 10 d. This could be a contribution from the OH
- 
from 
the membrane, indicating that leaching of OH
-
 could be a problem in MFCs where the 
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inoculum is an alkali sensitive species. Nafion
®
 shows a considerable lowering of the 
pH of solution compared to the RG-CEM, which conversely could cause problems for 
acid sensitive bacterial species. Cell survival in extremes of pH (<4 or >10) often 
requires alteration in gene expression and could affect a bacterial species electrogenic 
properties [1]. 
 
Condition 5 Days pH reading 10 Days pH reading 
Nafion
®
 sludge 6.32 3.87 
Nafion
®
 AB media 4.10 4.03 
Nafion
®
 Phosphate Buffer 3.98 3.75 
Nafion
®
 Water 6.01 5.98 
AEM S80 sludge 8.75 6.11 
AEM S80 AB media 11.35 9.46 
AEM S80 Phosphate Buffer 10.08 8.98 
AEM S80 Water 11.02 9.56 
CEM 1 sludge 6.49 4.34 
CEM 1 AB media 6.34 5.46 
CEM 1 Phosphate Buffer 6.78 5.29 
CEM 1 Water 7.12 7.17 
 
Table 4.2 – pH readings (taken using a pH probe) from stability test media 
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Figure 4.1 shows a picture containing the pH readings for sample solutions containing 
the membrane samples after 10 d. 1-3 shows RG-AEM samples, 4-6 shows Nafion
®
 
samples and 7-9 shows RG-CEM samples. Samples 1, 4 and 7 are sterilized water 
samples, 2, 5 and 8 are digester sludge samples and 3, 6 and 9 are PBS buffer solution 
samples. The tests were carried out on small collected samples using pH strips to 
preserve the sterility of the testing as far as possible. This test shows a clear anomaly in 
the pH reading of the phosphate buffered saline (PBS) solution when exposed to 
Nafion
®
. This is most probably due to the Na
+
 in the solution replacing the H
+
 in the 
Nafion
®
, causing H
+
 to leach out into the solution and lowering the pH. This reduction 
in pH could possibly affect the growth of any microbial communities present. The RG-
CEM does not appear to affect the pH of the buffer solution to the same degree. 
 
 
 
Figure 4.1 – pH levels in stability testing, highlighting Nafion® (6) in phosphate buffer 
solution as pH 
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4.1.2 Conductivity Stability Testing 
 
 
Figure 4.2 – Conductivity of IEMs (calculated using EIS spectrometer resistance data) 
after immersion in various media for 30 days at 22
o
C. Graph shows 4 repeats with mean 
and standard deviation. 
 
Figure 4.2 displays the conductivities of membrane samples left in the stability test 
solutions (as described in chapter 2). As can be seen from the data, the conductivities of 
both the RG-CEM and Nafion
®
 (both start in the H
+
 form) in water only tests appear to 
be considerably greater than that of the RG-AEM. However, the RG-AEM (initially in 
the OH
-
 form) appears to remain the most stable, apparently unaffected by either a 
media solution or by the presence of bacteria. The change in conductivity of the CEM 
and Nafion
®
 could be down to interference of Na
+
 ions from the buffer solutions. The 
conductivity of Nafion
®
 in water is also lower than usual reported values of 0.08 S cm
-1
. 
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This could be due to the hot pressing of the carbon cloth electrode to the IEM, causing a 
dehydration of the membrane, which is not then fully rehydrated during testing. A 
potential solution to this would be to repeat the Nafion
®
 “activation” steps (as described 
in chapter 2) to ensure full expansion of the IEM. 
 
Figure 4.3 shows the results from the comparison of the conductivities of the thick 
(S230) and thin (S80) Surrey RG-AEMs. In this case, the bacteria samples are S. 
oneidensis and the sludge samples are Camberley digester sludge. Strangely, the 
conductivities of both the thick (S230) membranes has been more adversely affected by 
the presence of buffer and media than the presence of bacteria. This could be an effect 
of microbial metabolites on the thicker IEM, and the fact that the S80 is less affected by 
the changes in conditions show it could be considered a better prospect for use in an 
MFC. 
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Figure 4.3 - Conductivity of RG-AEMs (calculated using an EIS spectrometer 
resistance data) after immersion in various media for 30 days at 22
o
C. Graph shows 4 
repeats with mean and standard deviation. 
 
Figures 4.4 and 4.5 shows the temperature-based conductivities of two RG-CEMs, 
synthesized as described in chapter 2 but differing only in their exposure dose of 
radiation. Two sets of ETFE were exposed to electron beam radiation, one to a dose of 
3.5 MRad, the other 7 MRad. This was to see if changing the radiation amount would 
have any effect on the properties of the membranes and to see what dose would yield an 
RG-CEM with similar ion-exchange capacity (IEC) to the RG-AEMs. As can be seen in 
Figures 4.6 And 4.7, both IEMs display an increase in conductivity with increased 
temperature, but the overall conductivity of the 3.5 MRad membrane is higher. This 
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would ordinarily make it the more obvious choice; however the aim of creating the RG-
CEM was to achieve properties as close as possible to the RG-AEM. As the as-
synthesised conductivity at room temperature of the RG-AEM is about 0.08 S cm
-1
, the 
7 MRad radiation dose CEM is the most comparable to the RG-AEMs with respect to 
conductivity. 
 
 
Figure 4.4 - Conductivity of RG-CEM made from 7.5 MRad e-beamed ETFE at 
different temperatures (styrene grafting time 48 h). Graph shows 4 repeats with mean 
and standard deviation. 
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Figure 4.5 – Conductivity of RG-CEM made from 3.5 MRad e-beamed ETFE (styrene 
grafting time 48 h). Graph shows 4 repeats with mean and standard deviation. 
 
 
4.1.3 Ion Exchange Capacity (IEC) 
 
The ion exchange capacity of the IEMs studied was measured as described in chapter 2. 
An overview of the results when comparing the RG-AEM, RG-CEM and Nafion
®
 can 
be seen in Figure 4.6.  These results show that all 3 IEMs suffer from some degradation 
vs the blank “as synthesized” values (shown as water on the graph). 
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Figure 4.6 – IEC of IEMs (calculated from titration data) after immersion in various 
media for 30 days at 22
o
C. RG-AEM = S80, RG-CEM = RG CEM 1. Graph shows 4 
repeats with mean and standard deviation. 
 
Tests were also run comparing the thick and thin RG-AEM (S80 and S230). The results 
of the test are shown in figure 4.7. They appear to have comparable IECs but both 
membranes appear to suffer from some loss of exchange capacity following submersion 
in the buffer and bacteria (sludge) solution. The fact that the S80 membrane has 
suffered a greater loss of IEC when exposed to the sludge solution may be the result of 
its lower thickness, therefore a greater percentage of the S80’s exchange groups are 
exposed to bacterial interference and deterioration. 
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Figure 4.7 - IEC of RG-AEMs S80 and S230 (calculated using titration data) after 
immersion in various media for 30 days at 22
o
C. Graph shows 4 repeats with mean and 
standard deviation. 
 
 
Figure 4.8 shows the IECs of two RG-CEMs (synthesized as described in chapter 2) 
having been exposed to different total doses of electron beam radiation, one to a dose of 
3.5 MRad and the other 7 MRad. These membranes had both undergone a styrene 
grafting step time of 48 h. As is shown in Figure 4.8, the experimentally determined 
IECs of both membranes were almost identical. This differs from the conductivity 
findings where the CEMs displayed marked differences in performance. 
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Figure 4.8 – IEC values for RG-CEM 2 and 3 (styrene grafting time 48 h) at 22oC. 
Graph shows 4 repeats with mean and standard deviation. 
 
Figure 4.9 shows the difference in IEC when the reaction time for grafting with styrene 
is altered (7MRad total radiation dose). The graph clearly shows that when left in the 
styrene/toluene solution for 48 h, the IEC of the resulting RG-CEM was 2.5 mmol g
-1
. 
This decreases significantly to 1.5 mmol g
-1
 when the grafting time is reduced to 24 h. 
Although a high IEC might be more desirable in general for application in MFCs, the 
aim of creating the RG-CEM was to have a membrane with similar characteristics to the 
S80 RG-AEM. As can be seen in Figure 4.3, the IEC of the RG-AEM is far closer to 1.5 
mmol g
-1
 than 2.5 mmol g
-1
, therefore it was decided that 24 h was the preferred 
grafting time for this RG-CEMs (as described in chapter 2). 
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Figure 4.9 – IEC of RG-CEMs 1 and 3 (total dose 7 MRad) at 22oC. Graph shows 4 
repeats with mean and standard deviation. 
 
4.1.4 Gravimetric Water Uptake 
 
Figure 4.10 shows the gravimetric water uptake from the stability tested samples after 
30 d in the stability test solutions. The water uptakes of all the tested IEMs appear to 
remain unaffected by the presence or absence of bacteria. This is a good indicator that 
they will remain efficient as IEMs when used in an MFC. However, all the RG-IEMs 
showed a greater water uptake value than Nafion
®
.  
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Figure 4.10 – Graph depicting average gravimetric water uptake for RG-CEM 1, 
Nafion
®
 115 and RG-AEM S80. Graph shows 4 repeats with mean and standard 
deviation. 
 
Figure 4.11 shows the water uptake values when comparing the thick and thin RG-
AEMs. Both appear to perform better in the presence of bacteria (sludge stability test 
solution). There appears to be no appreciable different between the water uptake 
capacities of the two thicknesses. The RG-AEMs appear to show a greater water uptake 
capacity after exposure to sludge.  
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Figure 4.11 – Water uptake values in sludge and buffer test solutions for thick (230) and 
thin (S80) AEMs. Graph shows 3 repeats with mean and standard deviation. 
 
4.2 Oxygen Permeability Testing 
 
The ex situ oxygen permeability testing was carried out over a number of hours for each 
IEM, with the conditions being kept as consistent as possible for each test (set up as 
described in chapter 2). Figure 4.12 shows the initial dissolved oxygen (DO) content of 
the deionised water, while figure 4.13 shows the oxygen levels after 1 h of N2 purging. 
Both test kits used report the DO concentration visually in ppm (mg L
-1
).  
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Figure 4.12 – DO content of laboratory deionised water 
 
Figure 4.13 – DO content of DI water after 1 h N2 purging 
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The membranes tested for oxygen permeability were RG-AEM S80, RG-CEM 1 and 
Nafion
®
. In initial testing, it was discovered that all the membranes displayed a similar 
trend in DO concentration, and all the test cells had a DO concentration of 6-8 ppm after 
2 h (Figure 4.14). They all reached a concentration of 1 ppm after 30 min (Figure 4.15 
and Figure 4.16). This is the level of the unpurged deionised water before being used in 
the test, so this set up was deemed not suitable for comparing the O2 permeability 
through the different IEMs (as O2 is clearly leaking into the cells). 
 
 
Figure 4.14 – trend in DO concentration in water from permeability test cell, using the 
initial setup, for all tested IEMs 
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Figure 4.15 – DO content reading of water from RG-CEM 1 test chamber after 30 min 
using the Rhodazine D method 
 
 
Figure 4.16 - DO content reading of water from RG-CEM 1 test chamber after 30 min 
using the Indigo Carmine method 
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The set up was changed to include constant purging of the headspace of the 
permeability cell chamber to reduce the risk of O2 contamination when samples were 
removed for testing.  The results for this setup were much clearer and did not return to 
normal levels of DO after just 2 hours.  
 
 
Figure 4.17 – DO content of water over 8 h from permeability cell chambers using RG-
CEM 1 and RG-AEM S80 (RG-IEM) and Nafion
®
 115 (Nafion) 
 
Figure 4.17 shows the trend in DO concentration over time for the RG-IEMs vs Nafion
®
. 
The IEMs tested in this second set up were RG-CEM 1 (7 MRad radiation dose, 24 h 
grafting step), Nafion
®
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running simultaneously, each with a different IEM (RG-CEM, RG-AEM and Nafion
®
) 
the trends in permeability for the RG-IEMs were the same. Both the RG-AEM and RG-
CEM displayed a lower DO content for the first 8 h of the test, with the contents of all 
cells reaching 3 ppm DO contents by the 8 h mark (Figure 4.17, Figure 4.19). All 3 test 
cells then displayed a slow rise in DO content, with the DO levels in the cells being up 
to 6 ppm after 48 h (Figure 4.18). This shows that Nafion
®
 may display a higher oxygen 
permeability, at least in the short term, than the RG-IEMs tested. If the thickness of the 
membranes is also taken into account, then the difference in performance becomes more 
marked. The Nafion
®
 membrane is the thickest of the 3 IEMs tested, with the AEM 
being the thinnest (with a hydrated thickness of 80 µm). 
 
 
Figure 4.18 – DO content of water over 48 h from permeability cell chambers using 
RG-CEM 1 and RG-AEM S80 (RG-IEM) and Nafion
®
 115 (Nafion) 
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Figure 4.19 - DO content reading of water from test chamber using RG-CEM 1 after 8 h 
 
4.3 Raman Spectroscopy 
 
Raman spectroscopy was used to characterise both the Surrey RG-AEM S80 and the 
RG-CEM 1 (7MRad total radiation dose, 24 h grafting time) and Nafion
®
. Both an FT-
Raman instrument and a Raman microscope were used to characterise the membranes in 
this study (details in chapter 2). This is due to the failure of the former instrument 
towards the end of the study. Table 4.3 shows a table of the Raman active peaks that are 
relevant to this study [2]. 
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Bond Peak location 
N-H 3300-3500 cm
-1
 
=C-H (aromatic) 3000-3100 cm
-1
 
C=C 1500-1900 cm
-1
 
C-C (aromatic) 1500-1600 cm
-1
 
C-S (aromatic) 1000-1100 cm
-1
 
CH2Cl 1268 cm
-1
 
SO3
-
 1086 cm
-1
 
C-O-C 800-1000 cm
-1
 
C-F2  730 cm
-1
 
C-Cl 550-800 cm
-1
 
C-S (aliphatic) 630-790 cm
-1
 
 
Table 4.3 – Table of Raman active functional groups 
 
Figure 4.20 shows an overlay of spectra taken of both the thin (S80) and the thick 
(S230) RG-AEM. Aside from the difference in the absolute intensity, the peaks are all 
in corresponding positions, showing that the chemical structure of both AEMs is 
identical. Therefore the only difference in their response to both ex-situ and in-situ 
testing must be due to their physical properties, for example thickness and hydration, or 
their ion exchange capacity. 
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Figure 4.20 - Raman spectra of both S80 and S230 membrane using an FT-Raman 
instrument (instrument details in Chapter 2) 
 
Figure 4.21 shows a Raman spectra of S80 AEM taken using a Raman microscope. 
Arrow 1 shows the lack of a strong C-Cl stretch being displayed in the spectra. This 
indicates that the amination of the intermediate VBC grafted membrane has been 
successful, and the replacement of the Cl group from vinylbenzyl chloride with the 
trimethylammonium group has been fully realised. Arrow 2 shows the lack of CH2Cl 
stretch, which is also a good indicator that full replacement has taken place [5]. Peak 3 
shows the CF2 stretch from the ETFE backbone, and peak 4 shows the C-C aromatic 
ring stretching present due to the vinylbenzyl group. Peak 5 shows a strong C-H stretch, 
also contributed by the ETFE backbone. 
0 500 1000 1500 2000 2500 3000 3500 4000
Wavenumber / cm-1 
S80 AEM
S230 AEM
118 
 
 
 
Figure 4.21 – Raman spectra of S80 AEM using a Raman microscope instrument 
(instrument details in Chapter 2) 
 
Figure 4.22 shows the Raman spectra of Nafion. The prominent peaks are labelled 
below. The strong peak at 1 shows a CF2 symmetric stretch, which is typical of any 
membrane that uses a fluorinated backbone, such as Nafion [3]. Peak 2 shows the 
aliphatic C-S stretch, and the weaker peak 3 represents the C-O-C stretch, where the 
backbone bonds to the sulfonate functional group. Peak 4 is of medium strength and 
shows the SO3
-
 stretching of the charged functional group [4] 
 
200.00 700.00 1200.00 1700.00 2200.00 2700.00 3200.00
Wavenumber / cm-1 
1 
2 
3 
4 
5 
119 
 
 
Figure 4.22 – Nafion 115 Raman spectra taken using an FT-Raman spectrometer 
(instrument details in chapter 2) 
 
Figure 4.23 And 4.24 show the Raman spectra taken of both the CEMs that had a 3.5 
MRad and 7 MRad dose of radiation (48 h styrene grafting step). The spectra show that, 
despite the different levels of irradiation, the relative peak intensities do not vary greatly. 
This confirms that the IECs of the RG-CEMs are comparable, as confirmed by the 
titration experiments reported previously. 
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Figure 4.23 – Raman of 3.5 MRad RG-CEM 2 (48 h styrene grafting step) 
 
 
Figure 4.24 – Raman of 7 MRad RG-CEM 3 (48 h styrene grafting step) 
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Figure 4.25 shows a Raman spectra of the novel CEM (RG-CEM 1), created to have 
similar properties to that of the Surrey RG-AEM. The prominent peaks are labelled 
below, specifically the ones that differentiate this RG-CEM from Nafion
®
. Peak 1 
represents the strong C-S aromatic stretching found in this membrane, where the 
sulfonate group attaches to the styrene ring. Peak 2 shows the C-C aromatic ring 
vibrations, and peak 3 shows the strong C-H stretch (a key differentiator between the 
spectra of the RG-CEM and Nafion that contains no C-H bonds). 
 
Figure 4.26 shows an overlaid view of 3 different spectra, taken of different samples of 
the same (7MRad) RG-CEM. These samples were taken from various different areas of 
the grafted sheet, showing that uniform functionalisation has taken place. 
 
Figure 4.25 – Raman spectra of RG-CEM 1 taken on Raman microcope 
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Figure 4.26 – Raman spectra of RG-CEM 1 taken from different sections 
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5. Conclusions and Future Work 
 
5.1 Performance of RG-IEMs in MFC Tests 
 
The initial in situ testing of the radiation grafted ion exchange membranes (RG-IEMs) 
showed that the use of anaerobic digester sludge, whilst giving the most accurate 
representation of a real-world application, presents too many variables to be an effective 
anolyte when assessing the fundamental performances (and relative comparisons) of 
single chamber, air breathing MFC membranes. A mixture of Shewanella oneidensis 
and a suitable media (in this case AB minimal media with lactate as a substrate) was 
shown to achieve more repeatable MFC test results.  
 
The use of an additional membrane/cathode support material (acrylic plate with suitable 
holes) proved useful in creating a robust physical contact between the cathode and the 
stainless steel current collector, yielding a more stable voltage output. The use of a 
silicon sealant also proved effective as a method of sealing the MFC against leakage and 
creating good contact between the membrane, cathode and current collector. This was 
vital as a significant period of the project involved MFC tests that failed due to leakage 
issues. 
 
With respect to voltages and power densities produced, the RG-AEM produced a poorer 
output than Nafion
®
 115 in the majority of the tests. MFC power densities achieved 
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using the 80 µm thick RG-AEM (S80) reached 8.8 mW m
-2 
(area normalised to cathode 
surface area), which is lower than the power the Nafion
®
 cell achieved (10 mW m
-2
).  
 
The RG-CEM 1 (7 MRad total radiation dose, 25 h styrene grafting time), however, 
consistently outperformed Nafion
®
 and produced stable voltage outputs of ca. 0.5 V.  
This shows that RG-CEMs shows promise for application in MFCs.  
 
5.2 Ex situ Stability Testing of RG-IEMs 
 
pH testing of the ex situ stability solutions displayed contributions from both the OH
-
 
ions from the RG-AEM and H
+
 ions from the Nafion
®
 membranes. This could affect the 
microbial communities present in real world MFC tests. The conductivity testing of the 
RG-IEMs and Nafion
®
 showed that the RG-AEM of different thicknesses displayed 
considerably lower conductivity than both its RG-CEM counterpart and Nafion
®
 115. 
However, the conductivities of the RG-AEM, despite being lower, were more stable 
when exposed to different ex situ test solutions (AB minimal media, phosphate buffered 
saline and anaerobic digester sludge). They were seemingly less affected by the 
introduction of Na
+
-containing species and micro-organisms, which could be of benefit 
when looking for an IEM with long term MFC performances.  
 
The characterisations undertaken showed that an RG-CEM and an RG-AEM could be 
synthesised to have comparable IECs, and that altering the radiation exposure (total 
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dose) of the pre-grafting film does not affect the IEC of the final membrane. However, 
changing the reaction duration of the grafting reaction step for the synthesis of RG-
CEM did have an effect on IEC. A short duration of 24 h led to a lower IEC that 
matched the IECs of the RG-AEMs. 
 
The ex situ oxygen permeability testing showed promising results with regards to the 
RG-IEMs; all yielded less oxygen crossover, despite having lower hydrated thickness 
(compared to Nafion
®
).  
 
5.3 MFC Testing Future Work 
 
It was found for the RG-CEM that increasing the grafting reaction time produces a 
membrane of a higher IEC. Although for this study it made the membrane less directly 
comparable to its RG-AEM counterpart, it might prove a successful separator for use in 
an MFC. Therefore RG-CEMs of different thicknesses and IEC need to be synthesised 
and systematically tested. 
 
The bacterial adhesion to the surface of the MFC separator membrane, and therefore 
any possible deterioration caused by such microbial affinity, should be observed using 
technology such as scanning electron microscopy (SEM). This would give a greater 
insight into the interaction between the bacteria and the membranes, and reveal if either 
RG-IEM possessed any intrinsic anti-microbial properties.  
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The collection and testing of the effluent should also be undertaken, and subjected to 
various characterizations to determine exactly what the waste products of the RG-IEM 
MFCs are and how this might affect the running and performance of the MFC. It would 
be of great interest to know if different membranes (of comparable IEC but different 
chemistries, or one of the same chemistry but different IEC) would yield different 
products and final microbial consortia. 
 
The resistance used in the MFC tests (40kOhm) was high compared to the literature. 
This indicates a high internal resistance of the cell, and therefore some setup 
modification may be needed. Moving the anode and cathode closer together and 
increasing the level of anolyte mixing might lower the internal resistance and allow a 
lower external resistance to be used [1]. 
 
5.4 Stability Testing Future Work 
 
Further Raman spectroscopic studies involving chemometric techniques and additional 
solid state NMR experiments can potentially shed more light on the stability issues 
suffered by the IEMs that have been exposed to Na
+
 ions and bacterial species. The IEC, 
conductivity and gravimetric water uptake measurements could be taken over a longer 
time span, to determine if there is a steady drop in these characteristics and when/if a 
terminal value is reached. 
128 
 
 
Further investigation into the oxygen permeability of both RG-IEMs would be advisable 
(especially with more quantitative DO probes), potentially with the inclusion of 
bacterial species in the central chamber to assess the effect of microbial activity on 
changes in DO concentration. This would not only help determine the permeability of 
the membranes more accurately but also identify a quantifiable effect on bacteria in the 
anolyte solution. In situ DO quantification would also highlight not only the 
permeability of the IEMs but also whether or not the MFC test cell used was airtight. 
 
5.5 Conclusion 
 
Given the findings of this study, further exploration of the use of RG-CEMs in MFCs is 
recommended. The performance both in MFC tests and ex situ stability test indicates 
they have potential as a successful membrane separator for MFCs. 
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